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ABSTRACT 

^ I During the course of our deep optical imaging survey for Lya emitters at z « 5.7 in the field around 

the z = 5.74 quasar SDSSp J104433. 04-012502. 2, we have found a candidate strong emission-line source. 
Follow-up optical spectroscopy shows that the emission line profile of this object is asymmetric, showing 
I excess red-wing emission. These properties are consistent with an identification of Lya emission at a 

redshift oi z = 5.687±0.002. The observed broad hne width, Avfwhm — 340 km s~-^ and excess red-wing 

■ emission also suggest that this object hosts a galactic superwind. 

• Subject headings: galaxies: individual (LAE J1044— 0130) — galaxies: starburst — galaxies: formation 

o : 

CO ' 1. INTRODUCTION pected from radiative transfer in an expanding envelope. 

Ot ■ Id . • 1 1 • • -4-1, o in Therefore, Dawson et al. (2002) suggested that the Lya 

Recent progress m deep optical imaging with 8-10 m „, r^iooc/in o i eoicon- ■ ^ vt, - j 

^•i .11 11 J r . r • prohle of J123649. 2-^621539 IS consistent with a superwmd 

fSl class telescopes has enabled new searches for star-forming ^ , ., ^ „„„ , _i ^ , . , 

^ ' 1-1, J J u'-fj. c T i- 1 • • with a velocity oi ^ 300 km s . Galactic superwmds 

■ galaxies beyond redshiit 5. In particular, imaging surveys ,,, r,ii • r i 
— ^ , . 1, J cii u J i u 4.- are now considered to be one of the key issues tor under- 

^ using narrow-passband filters have proved to be a partic- , ,. . , ,. , , ;. r, , . , 

• 11XE-J. 1. n J 1 1 ■ /TTCTVTATi standing the interaction and evolution ot both galaxies and 
<-^ . ularly efhcient way to hnd such galaxies (Hu & McMahon . , ° ,, , , ^ y , . o m 
T". 1996; Cowie & Hu 1998; Steidel et al. 2000; Kudritzki et mtergalactic matter (e.g. Heckman 1999; Taniguchi & Sh- 
O ■ al. 2000; Hu et al. 2002). Indeed the most distant Lya ^^^^ ^000). In order to improve our knowledge of galactic 
^ ; emitter known to date is HCM 6A at z = 6.56 (Hu et al. superwmds at high redshift a large sample of superwind 
r/^ , ^,n^^^ j j-i. j t -ij. u j c Candidates at z > 3 IS needed. During the course of our 

2002), and more than a dozen Lya emitters beyond z = 5 irr •,, , r% ^ r ^ 

CZ • i. u J- J ^T-> i 1 inno c • J i 1 inno new Search tor Lya emitters at z « 5.7, we have found a 

. . , have been discovered I Dey et al. 1998; Spmrad et al. 1998; ,. , , ■'. . . , r t .i • r 

> . Weymann et al. 1998; Hu et al. 1998, 1999, 2002; Dawson candidate superwind galaxy at z = 5 69. In this Letter, 

■ et al. 2001, 2002; Ellis et al. 2001), most by using this ^« ^«P°.^^_ observed properties^ We adopt a flat uni- 

technique ^^"^^^ "matter = 0.3, SZa = 0.7, and h = 0.7 where 

5— j ■ r\ ■ i. i- u- 4-- Tiooc/in o 1 con j- c i nn = ifo/(100 km s^^ Mpc^^ ) throughout this Letter. 

■ One interesting object IS J123649. 2+621539 at z = 5.190 " ^ ' ^ 

which was found serendipitously in the HDF-North flank- 
ing fields (Dawson et al. 2002). Its Lya emission-line pro- 2. OPTICAL DEEP IMAGING 
file shows a sharp blue cutoff and broad red wing emission, We have carried out a very deep optical imaging survey 
both of which are often observed in star-forming systems for faint Lya emitters in the field surrounding the quasar 
with prominent wind outflows. These features are also ex- SDSSp J104433. 04-012502. 2 at redshift 5.74^5 (Fan et al. 
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2000; Djorgovski ct al. 2001; Goodrich et al. 2001), 
using the prime-focus wide-field camera. Suprime-Cam 
(Miyazaki et al. 1998) on the 8.2 m Subaru Telescope 
(Kaifu 1998) on Mauna Kea. Suprime-Cam consists of 
ten 2kx4k CCD chips and provides a very wide field of 
view 34' X 27' (0.2 arcsec pixel"^). In this survey, we 
used the narrow-passband filter, NB816, centered on 8160 
A with a passband of AAfwhm = 120 A; the central wave- 
length corresponds to a redshift of 5.72 for Lja emission. 
We also used broad-passband filters, B, Re, Ic, and z'. A 
summary of the imaging observations is given in Table 1. 
All observations were done under photometric conditions, 
and the seeing was between 0'.'7 and I'.'S arcsec during the 
entire run. Photometric and spcctrophotometric standard 
stars used in the fiux calibration are SAlOl for the B, Rq, 
and Ic data, and CD 50, CD 108 (Oke 1990), and PC 
1034-1-001 (Massey et al. 1996) for the NB816 data. The 
z' data were calibrated by using the magnitude of SDSSp 
J104433.04-012502.2 (Fan et al. 2000); since any quasar 
is a potentially variable object, the photometric calibra- 
tion of the z' data may be more unreliable than those of 
the other-band data. 

To avoid delays in obtaining follow-up spectroscopy, we 
analyzed only two of the CCD chips, one of which included 
the quasar SDSSp J104433.04-012502.2. The individual 
CCD data were reduced and combined using IRAF and the 
mosaic-CCD data reduction software developed by Yagi 
et al. (2002). The total size of the reduced subfield is 
11'67 X 11'67, corresponding to a total solid angle of « 
136 arcmin^. The volume probed by the NB816 imaging 
has (co-moving) transverse dimensions of 27.56 h^^ Mpc 
x27.56/iq 7 Mpc, and the FWHM half power points of the 
filter correspond to a co-moving depth along the line of 
sight of 44.34 h^ ^ Mpc (^;min ~ 5.663 and z^a.^ ~ 5.762; 
note that the transmission curve of our NB816 filter has a 
Gaussian- like shape). Therefore, a total volume of 33,700 
ft-^Y Mpc"^ is probed in our NB816 image. 

Source detection and photometry were performed using 
SExtractor version 2.2.1 (Bertin & Arnouts 1996). Our 
detection limit (a 3a detection with a 2" diameter aper- 
ture) for each band is summarized in Table 1. For source 
detection in the NB816 image, we used a criterion that 
a source must be an object with at least a 13-pixel con- 
nection at the 5(7 level. [Note: Given the pixel resolution 
of 0.2 arcsec pixel" ^, an extended source observed in ~ 
1 arcsec seeing must be observed as a source with more 
than a 13-pixel connection.] Adopting the criterion for 
the NB816 excess, Iq — NB816 > 1.0 mag, we have found 
a strong emission-line source located at a(J2000.0)=10^ 
44"^ 32" and (5(J2000.0)=-01° 30' 34" (hereafter LAE 
J1044— 0130). In this Letter wc report on this source. 

The sky position of LAE J1044-0130 is shown in Fig. 
1. The optical thumb-nail images of LAE J1044— 0130 are 
given in Fig. 2. As shown in this figure, LAE .11044-0130 
is clearly seen only in the NB816 image; the observed 
equivalent width is EWohs > 310 A. The NB816 image 
reveals that LAE J1044— 0130 is spatially extended. It is 
interesting to note that this object shows not a circular 
shape but an irregular shape. The angular diameter is 2.3 
arcsec (above the 2a noise level). The size of the point 
spread function in the NB816 image is 0.90 arcsec. Cor- 
recting for this spread, we obtain an angular diameter of 



2.1 arcsec for the object. In the cosmology adopted here, 
this corresponds to a diameter of d ~ 12AhQ \ kpc. 

3. OPTICAL SPECTROSCOPY 

In order to investigate the nature of LAE J1044— 0130, 
we obtained optical spectroscopy. First, we used the Sub- 
aru Faint Object Camera And Spectrograph (FOCAS; 
Kashikawa et al. 2000) with the lowest spectral resolu- 
tion grism, 150 lines mm~^, blazed at A=6500 A together 
with an order-cut filter SY47 on 2002, March 11 (UT). The 
wavelength coverage was ^ 4900 A to 9400 A. The use of 
an 0.8 arcsec-wide slit gave a spectroscopic resolution of 
R ~ 400 at 8000 A. The total integration time was 1800 
seconds. The spectrum is shown in the upper panel of Fig. 
3. We detected a single emission line at A « 8130 A. This 
observation was done under photometric conditions, and 
we used the spectroscopic standard star, Feige 34 (Massey 
et al. 1988) to calibrate the spectrum. The emission line 
flux was calculated to be (1.5 ±0.3) x 10^^^ ergs s^^ cm^^. 
A second spectrum with FOCAS was obtained on 2002, 
March 13 (UT) in non-photometric conditions. This time, 
we used the 300 lines mm~^ grating blazed at 7500 A to- 
gether with the same order cut filter SY47, giving a spec- 
tral resolution R 1000 with the same 0.8 arcsec-wide 
slit. This setting gave the same wavelength coverage as 
the lower resolution observation. Again the total integra- 
tion time was 1800 seconds. The spectrum is shown in the 
lower panel of Fig. 3. The emission-line profile marginally 
shows the sharp cutoff at wavelengths shortward of the 
line peak. However, the spectral resolution is insufficient 
to confirm this feature. 

To clarify the shape of the line profile seen in the FO- 
CAS observations, additional observations were obtained 
with Keck/Echelle Spectrograph and Imager (ESI; Shei- 
nis et al. 2000) in echellette mode using a 1" slit, which 
provided a spectral resolution of i? ~ 3400 at A=8000 A. 
Two 1800-sccond integrations were obtained in photomet- 
ric conditions on 2002, March 15 (UT). The spectra were 
calibrated using the spectroscopic standard stars Feige 34 
and HZ 44 (Massey et al. 1988). The combined spectrum 
is shown in the middle panel of Fig. 4. Again only one 
emission line, at A « 8130 A is foimd in the ESI optical 
spectrum, which covers the wavelength range 4000 A to 
9500 A. The emission-line profile at 8130 A is confirmed 
to slightly asymmetric, showing a cutoff at wavelengths 
shortward of the line peak. 

Although a single emission line in the wavelength range 
4000 A to 9500 A may alternatively be identified as [O 
ii]A3727, the fact that the observed profile appears to be 
skewed suggests that this line is in fact Lya emission (e.g. 
Stern et al. 2000; Dawson et al. 2002). Therefore, we 
conclude that the emission line at 8129.3±3.0 A must be 
Lya, which then yields a redshift of 5.687±0.002. The 
rest-frame equivalent width of the putative Lya emission 
is estimated to be EWq > 46 A. The observed Lya fiux is 
(1.49 ±0.33) X 10"^'' ergs cm~^ s~^. This appears consis- 
tent with our FOCAS observations made on 2002, March 
11. 

4. RESULTS AND DISCUSSION 

4.1. Star Formation and Superwind Activities 
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The observed Lya flux is /(Lya) = (1.49±0.33) x IQ-^"^ 
ergs cni^^ s^^ based on the ESI spectrum. Given the cos- 
mology adopted in this Letter, we obtain an absolute Lya 
luminosity of i(Lya) ~ (5.3 ± 1.2) x 10^^ /j-2 ^^.gg g-i 
This Lya luminosity is comparable to those of other z > 5 
galaxies; 1) 3.3 x lO''^ ergs s^^ for HCM 6A at z = 6.56 
(Hu et al. 2002), 2) 6.1 x 10''^ ergs s'^ for SSA22-HCM1 
ai z = 5.74 (Hu et al. 1999), 3) 3.4 x 1042 ergs s"^ for 
HDF 4-473.0 sX z = 5.60 (Weymann et al. 1998), and 
4) 8.5 X ergs s"! for J123649. 2+621539. 5 at z = 5.19 
(Dawson et al. 2002). Note that all the above luminosities 
are estimated by using the same cosmology as that used 
here. 

We note that approximately half of the intrinsic Lya 
emission from LAE J1044-0130 could be absorbed by in- 
tergalactic atomic hydrogen (e.g., Dawson et al. 2002). In 
order to reproduce the observed Lya emission-line profile 
a two-component profile fit was made using the follow- 
ing assumptions: 1) the intrinsic Lya emission line profile 
is Gaussian, and 2) the optical depth of the Lya absorp- 
tion increases with decreasing wavelength shortward of the 
rest-frame Lya peak. The resulting fit is shown in Figure 4 
(thick curve) , which corresponds to the following emission 
and absorption line parameters - 1) Lya emission: the line 
center, Ac,em = 8030.70 A, the line flux, /em ^ 2.42 x lO'^^ 
ergs s~^ cm~2, and the line width, FWHMcm — 650 km 
s~^; 2) Lya absorption: the line center, Ac,abs = 8122.73 
A, the optical depth at the absorption center. Tabs — 9.85, 
and the line width, FWHMsbs - 175 km s"^ This analy- 
sis suggests that the total Lya emission-line fiux amounts 
to 1.73 X 10""'^^ ergs s~^ cm"^. This is larger by a factor of 
1.16 than the observed flux, giving a total Lya luminosity 
of L(Lya) ~ 6.1 x lO'^^ h^'i; ergs s^^. We then estimate 
the star formation rate of LAE J1044-0130. Using the 
relation SFR = 9.1 x 10-*^L(Lya) Mgyr"! (Kennicutt 
1998: Brocklehurst 1971) and the total Lya luminosity, we 
obtain SFR = 5.6 ± 1.1 /Iq^ Mq yr"!. Note that SFR 



may be overestimated because part of the Lya emission 
may arise from shock-heated gas if the superwind inter- 
pretation is applicable to this object. 

Although the signal-to-noise ratio of our ESI spectrum is 
not high enough to analyze the profile shape in great detail, 
the presence of the excess red-wing emission seems secure 
(Fig. 4). The FWHM of the Lya emission is measured to 
be 340±110 km s~^ and the full width at zero intensity 
(FWZI) is estimated to be 890±110 km s'^ These prop- 
erties are similar to those of the Lya emitter at z = 5.190, 
J123649. 2+621539, found by Dawson et al. (2002). 

4.2. Comments on Possible Association with the Quasar 
SDSSp J104433.04-012502.2 and the Lyman Limit 
System at z = 5.72 

The observed redshift of LAE J1044-0130, z = 5.687, 
is close both to the quasar redshift, z = 5.74 (see foot- 
note 15) and to that of a Lyman limit system (LLS) at 
ZhLS = 5-72 in the quasar spectrum reported by Fan et al. 
(2000). The redshift difference between LAE J1044-0130 
and the quasar corresponds to the velocity difference of 
Av « 2370 km s^^ and that between LAE J1044-0130 
and the LLS corresponds to Av w 1476 km s^^. The an- 
gular distance between LAE J1044— 0130 and the quasar 
is approximately 330 arcsec, giving a co-moving separa- 
tion of ~ 13 kg J Mpc. This separation seems too large 
to identify LAE J1044-0130 as a counterpart of the LLS. 
It seems also unlikely that that LAE J 1044— 0130 is asso- 
ciated with the large-scale structure in which the quasar 
SDSSp J104433.04-012502.2 resides. 
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scope staff for their invaluable help. We would also like to 
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Table 1 

Journal of imaging observations 



Band 


Obs. Date (UT) 


Tint (sec)'^ 


miim(AB)b 


FWHMstB.r (arcsec)'= 


B 


2002 February 17 


1680 


27.1 


1.2 


Rc 


2002 February 15, 16 


4800 


26.8 


1.4 


Ic 


2002 February 15, 16 


3360 


26.2 


1.2 


NB816 


2002 February 15 - 17 


36000 


26.6 


0.9 


z' 


2002 February 15, 16 


5160 


25.4 


1.2 



''Total integration time. 

''The limiting magnitude (3cr) within a 2" aperture. 

'^The full width at half maximum of stellar objects in the final image 




Fig. 1. — A finding chart of LAE J1044-0130 in our NB816 image. The field size is 2' x 2'. North is up and east is to the left. 



Fk;. 2. — Thumbnail images of LAE J1044-0130 (upper panel) also displayed as contours (middle panel). The angular size of the circle 
in each panel corresponds to 8". The lower panel shows the spectral energy distribution (in magnitudes). From our optical spectroscopy, we 
find that a galaxy located at 2'.'4 northeast of LAE J1044— 0130 shows two emission lines at A ~ 6710 — 6720 A. Since these lines can be 
identified as the [O n]A3727 doublet redshifted to z = 0.802 ± 0.002. This foreground galaxy might enhance the image of LAE J1044-0130 
due to gravitational lensing. However, since there is no counter image of the LAE J1044— 0130 in our deep NB816 image, the magnification 
factor might be less than a factor of 2. 
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Fig. 3. — The optical spectra of LAE J1044-0130 obtained with FOCAS on Subaru, (a) The spectrum shown in the upper panel {R ^ 400) 
was obtained on 2002, March 11. (b) The spectrum shown in lower panel {R ~ 1000) was obtained on 2002, March 13. 
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Fig. 4. — The optical spectrogram (upper panel) and one-dimensional spectrum (middle panel) of LAE J1044^0130 obtained with ESI on 
Keck II {R ~ 3400); note that five-pixel binning was applied to the one-dimensional spectrum. The model profile fit is shown by the thick 
solid curve (see text). Sky (OH airglow) emission lines are shown in the lower panel. 
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